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Ex
lusive Ve
tor Meson produ
tion
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HERA collider HERMES / JLab

10-4 < xB < 0.02 0.02 < xB < 0.4   /   0.1 < xB < 0.6  

sea quarks & gluons (gluons) (valence) quarks In this talk: Cross se
tion and SDME measurementsInterpret and 
onfront them (low ↔ high W )only unpolarised lepton beam and unpolirised target (p beam)presen
e of a hard s
ale: Q2 >> 1 GeV2 or heavy mesononly elasti
, i.e. no p-diss �nal state
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Two theoreti
al approa
hes
QCD in Breit frame

e

e

γ*

p p

J/ψ

x − ξ x + ξ

- "exa
t" QCD 
al
ulation possible- ∫

GPD(x, ξ,Q2) dx- J/Ψ wave fun
tion- GPDs(x, ξ, t;µ) build from thePDFs with a skewing e�e
t and a tdependen
e

Colour Dipole

q

q
γ*

p p

σdipole

r
1-z

z

6
?

In the proton rest frame:- γ∗ �u
tuates in qq̄ + qq̄g + ...

σ =

∫

dr2ψin(r, z,Q2) σ2
d ψ

out(r, z,Q2)

- ψin 
al
ulable- σd is modelised (e.g. two gluons)- integrated over trans. qq̄ separa-tion r
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VM produ
tion in Colour Dipole approa
h- at large energy, for AL (large Q2or heavy quarks): z

1−z
r

Q2 ρ, φ, J/ψ,γ

t = −q
2

p p− q

lb

time

∼ 1
2mpx ∼ 1

∆EI
∼ 1 fm E

m

1. γ �u
tuates in qq̄ dipole:QED γ wave fun
tion Ψγ2. dipole-proton intera
tion:universal σdip(r, z, b)3. qq̄ re
ombination into VM- The s
aning radius r is expe
ted to de
reases with in
reasing Q2 or MV

⇒ universal s
ale: µ2 = z(1 − z)(Q2 +M2
V )- for AL (large Q2) or heavy quarks: z ≃ 1/2 ⇒ µ2 ≃ (Q2 +M2

V )/4- for light quarks, AT : 
ontrib. from end points z = 0, 1 ⇒ µ2 
an be smalleven for large Q2 ⇒ soft 
ontributions. Some models introdu
e kL for quarksto avoid the singularities.
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High W : W dependen
es
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α
IP

(0) = 1 + δ/4 + α
′

IP
/〈|t|〉

α
′

IP
= 0 − 0.25 GeV−2

• Common hardening of α
IP

(0) with

Q2 + M2 for all VM and DVCS

⇒ Transition from soft to hardregime with Q2 + M2but soft 
ontrib. up to 20 GeV 2 (σT ?)
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High W : W expe
ted dependen
e- σ ∼ W δ ∼ |x g(x, µ2)| ⇒ hard W dependen
e: signature of a hard s
ale
⇒ δ = 4(α(0) + α′t − 1) larger than soft (+ skewing e�e
ts)

⇒ Hard scale: δ, α(0) : universal with
Q2

+M2

X
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H1

for all: µ2 = Q2 + M2
X for VM: µ2 =

Q2
+M2

X

4for DVCS : µ2 = Q2

DVCS islike DIS,the photon(at LO)intera
ts di-re
tly witha resolvedquark.
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Low W : W dependen
es
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• GPD based predi
tions of S.Goloskokov andP.Kroll (GK) des
ribe well the Φ ex
lusiveprodu
tion down to the lowest W

• But 
annot des
ribe the ρ produ
tionfor W < 5 GeV
• Des
ribed in GPD based model: M.Vanderhaeghen, P.Gui
hon andM.Guidal (VGG) with an ad ho
 D term.
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t dependen
es
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⇒ Transition from soft to hardregime with Q2 + M2e�e
t of VM WF ?
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Low W : b slopes for di�erent VM
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• �rst in
rease at low W then �at
• de
reases with Q2 as at high W (photon size e�e
t ?)

• how do we interpret su
h low b values ? (smaller than the p)
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Q2 dependen
e
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• Steep falling of the 
ross se
tion observedboth at high and low energy.
• No numeri
al 
omparison
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Q2 dependen
e- σ(Q2): σL ∝ Q−6; σT ∝ Q−8 but modi�ed by gluon pdf Q2 depend.,quark Fermi motion and virtuality, αs(Q
2), higher order.
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• At low energy, signi�
ant di�eren
e be-tween ρ and φ.

• For ρ at low W : already signi�
ant σLat small Q2
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SPIN DENSITY MATRIX ELEMENTS
θ∗ , Φ , ϕ ⇐⇒ 15 SDMEs : rij

kl ∝ Tλ′

ρλ′

γ
Tλρλγ

Tλρλγ

: heli
ity amplitudes
ϕ 

φ

e    

θ

e

VM

p γ  

decay plane

the hadronic centre 

of mass system

         hadronic centre of mass  

electron scattering plane                production plane                     

        VM rest frame

VM direction in

M−

M+

M+

M−

.

. No heli
ity �ip: T00 : γL → ρL

T11 : γT → ρTSingle �ip: T01 : γT → ρL

T10 : γL → ρTDouble �ip: T1−1 : γT → ρT

s-Channel Heli
ity Conservation (SCHC): T01 = T10 = T1−1 = 0

• SCHC violation ( single �ip ∝
√

|t|, double ∝ |t| )

• pQCD Hierar
hy (|t| < Q2): |T00| > |T11| > |T01| > |T10| > |T1−1|

, , 15 SDME :: heli
ity amplitudes

Proje
tion on a set of orthogonal fun
tions Extra
t 15 SDME
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High W : ρ Polarisation - SDMEs vs. Q2
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↔ Fair des
riptionby Goloskokov-Kroll(GPD) model

• r5
00

violates SCHC (�ip)

• Other SDME ≃ 0

• similar obs. for Φ
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Low W : ρ and Φ Polarisation - SDMEs vs. Q2
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−◮ spin �ip has no strong Wdependen
e

−◮ Re r510 : interf. T00 − T11di�erent behaviour ρ and Φ
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Polarisation - R = σL/σT
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• Naive R ∝ Q2/M2 - modi�ed at high Q2

• Similar R for φ and ρ

• Strong invariant mass dependen
e in ρ 
ase
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Polarisation - Amplitude ratios vs. Q2

pQCD : • |T11|/|T00| ∼ M
Q

1+γ
γ

• |T01|/|T00| ∼
√

|t|
Q

1√
2γ

• |T10|/|T00| ∼ −M
√

|t|
Q2

√
2

γ

γ : gluon anomalous dim.
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• |T11|/|T00| de
reases with Q2 ↔ σL/σT in
reases with Q2

• |T01|/|T00| > 0 ↔ SCHC violation
• |T10|/|T00| and |T−11|/|T00| are small

⇒ |T00| > |T11| > |T01| > |T10|, |T−11| ↔ hierar
hy observed
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Polarisation - Amplitude ratios vs. |t|pQCD: • |T11|/|T00| ∼ M
Q

1+γ
γ

• |T01|/|T00| ∼
√

|t|
Q

1√
2γ

• |T10|/|T00| ∼ −M
√

|t|
Q2

√
2

γ

γ : gluon anomalous dim.
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• |T11|/|T00| de
reases with |t|
• |T01|/|T00| in
reases with |t|↔ SCHC violation in
reases with |t|
• |T10|/|T00| and |T−11|/|T00| are small but some |t| dependen
e

• |T11|/|T00| de
rease partialy a
ompensated by |T01|/|T00| in
rease

⇒ σL/σT is the result of partial 
ompensations
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Polarisation - R = σL/σT versus t
RSCHC+T01

= |T00|2
|T11+T01|2
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• H1: R depends on t for large Q2 ⇒ bL < bT !!! (σL more pert. than σT )

• Not seen by ZEUS
• due to di�erent ρ′ ba
kground treatement
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Low W : ρ and Φ Polarisation - SDMEs vs. t
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e with twhy ?not observed at high W(gluon dominated)E�e
t of tmin ?
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J/ψ Polarisation

J/ψ SDME vs Q2 and t:
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E665 NMC

γ∗  p → φ Y
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H1 SV ZEUS

γ∗  p → J/Ψ Y

H1 ZEUS

• J/ψ SDME 
ompatible with SCHC: non-relativisti
 WF

• Common behaviour of R for all VM vs. Q2M2
ρ/M

2
V M

• J/ψ mostly transverse
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Amplitude phase
0
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40

1 2 3 4

Q2 (GeV2)

δ 
(d

eg
)

( ) proton (integrated)
( ) deuteron (integrated)

HERMES

• HERMES- - - - W= 5 GeV W= 10 GeVW= 90 GeV

3 44 5 66 7 88
0.12
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0.20
0.22

����
��

�

3 44 5 66 7 88
-0.22
-0.20
-0.18
-0.16
-0.14
-0.12

����
��

�

tan δ = Im(T11/T00)
Re(T11/T00)

∼ Re r510 − Im r610

• In
rease with Q2(HERMES data)
• Expe
ted to be fully imaginary at high energy.

• Not well des
ribed by GPD based model of GK (3.1o at HERMES energy) .

EDA 2011 Dec. 11 - L.Favart – p. 21/24



(Un)Natural Parity Ex
hangeNatural-parity ex
hange: intera
tion mediated by a parti
le of 'natural'parity: s
alar (JP = 0+ like IP ) or ve
tor (1− like ρ, ω, a2).Unnatural-parity ex
hange: pseudos
alar (0− like π, η) or axial meson (1+).
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SLAC,74 〈Q2〉=0.9 GeV2

HERMES proton  〈Q2〉=1.95 GeV2

HERMES deuteron

-0.1

0

0.1 ZEUS BPC 〈Q2〉=0.41 GeV2

ZEUS DIS 〈Q2〉=2.4 GeV2

H1 〈Q2〉=3 GeV2

u2

-0.1

0

0.1

W (GeV)

u3

U1 = 1 − r0400 + 2r041−1 − 2r11−1 − 2r111 U2 = r51−1 + r511 U3 = r81−1 + r811.

• Only observed for ρ (not for Φ). • no Q2dependen
e (naively ∼ 1/Q2).

• Important at low W (valen
e quark ex
hange).

• More pronou
ed at low t ? (pion pole ?).

• Possible CLAS measurement ?
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GPD: Generalised D term: VGG model
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• Using a "generalised" D term, the GPD based model VGG 
an reprodu
ethe (t, x) 
orrelation a priori not in the D term.

• It re
over a 
lassi
 D term for t → 0 and respe
t the Form Fa
torsboundary 
onditions.
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Con
lusionsThe ve
tor meson ex
lusive produ
tion is an important tool to un-derstand the transition between low-energy hadroni
 and high energypartoni
 domains of QCDLarge variety of measurements at low as at high energies:
• ρ, φ, J/ψ,Υ, γ, ...

• large kinemati
 domain in Q2,W, t

• σ 
omplemented by heli
ity ampl. give a unique insight to the dynami
s.Ri
h �eld for QCD understanding:
• global understanding of the gluon and sea 
ontributions over morethan 2 orders of magnitude in energy
• pre
ision in the soft to hard transition: W dep., t dep.

• reasonable des
ription of L/T separation and spin �ip

• The strong rise of ρ 
ross se
. towards low W has still to be understood.

• Is the hand-bag model still valid or should the GPDs be adaptedlike e.g. in VGG model ?
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Ba
k-up Slides
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VM theory: Dipole approa
h and kT fa
torisationDipole approa
h - Saturation : Shown here: C.Marquet, R.Pes
hanski, G.Soyez[hep-ph/0702171℄
• σqq̄−p extra
ted from �ts to in
lusive data (F2) with geometri
s
aling.

• Fits may in
lude VM data as well (see later) and QCDevolution at high Q2.

kT fa
torisation - BFKL pomeron: Shown here: I.Ivanov, N.Nikolaev, A.Savin[hep-ph/0501034℄

• Conjugate approa
h to dipole one in "kT spa
e".
• σqq̄−p 
omputed from kT -unintegrated gluon pdf F(x,~κ):

σqq̄−p = 4π/3
∫

d2~κ/κ4 F(x,~κ) αs(µ
2) [1 − exp(i~κ~r)]N.B: for small dipole,

σqq̄−p ≃ π2/3 r2 αs(µ2) G(x, µ2) with µ2 = A/(z(1 − z)Q2 + m2
q) ; A = 9 − 10

−→ σT ∝ (Q2 +M2
V )−4 [αs(µ

2) G(x, µ2)]2

−→ σL ∝ Q2/M2
V (Q2 +M2

V )−4 [αs(µ
2) G(x, µ2)]2
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VM theory: Collinear fa
torisationQCD fa
torisation theorem valid for leading power of Q in DIS:Collins, Frankfurt and Strikman [hep-ph/9611433℄hard soft Typi
al LOdiagrams for Hij :Low W

High W

Aγ(∗)p→V p =
∑

i,j

∫ 1

0
dz

∫

dx′ fi/p(x
′, x′ − x, t, µ)

Hij(Q
2x′/x,Q2, z, µ) ΨV

j (z, µ)where fi/p: non-forward PDF (x′ 6= x′ − x, t dependant) → GPD's

Hij : hard s
attering m.a. ; ΨV
j : VM wave f
tTheorem is proven for γL ; extended/assumed for γT in many modelsShown here: S.Goloskokov and P.Kroll [hep-ph/07083569℄

EDA 2011 Dec. 11 - L.Favart – p. 27/24



Polarisation - Retrieving Amplitude ratiosAssume purely imaginary amplitudes −→ phase = ± 1 !
−→ Extra
t |T11|/|T00|, |T01|/|T00|, |T10|/|T00| and |T−11|/|T00|from �t to the 15 SDMEs:

r04
00 = B (ε + β2)

Re r04
10 = B/2 (2εδ + βα − βη)

r04
1−1

= B (αη − εδ2)
r1
00 = −B β2

r1
11 = B αη

Re r1
10 = B/2 β(η − α)

r1
1−1

= B/2 (α2 + η2)
Im r2

10 = B/2 β(α + η)
Im r2

1−1
= B/2 (η2 − α2)

r5
00 =

√
2B β

r5
11 = B/

√
2 δ(α − η)

Re r5
10 = B/(2

√
2) (2βδ + α − η)

r5
1−1

= B/
√

2 δ(η − α)
Im r6

10 = −B/(2
√

2) (α + η)
Im r6

1−1
= B/

√
2 δ(α + η)

α = |T11|/|T00|
β = |T01|/|T00|
δ = |T10|/|T00|

η = |T−11|/|T00|

B = 1
NT +εNL

= R
1+εR

NT = α2 + β2 + η2

NL = 1 + 2δ2
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Shrinkage : α′

IP

measurementsH1 ρ photoprodu
tion measurements:
  W [GeV]
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dσ
dt (W ) ∝ eb0tW 4(α

IP
(t)−1)1. Study W depend. in bins of t:

→ Fit: W δ → α
IP

(t) = 1 + δ/42. Study α
IP

(t) traje
tories:
→ Fit: α
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t
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⇒ For all VM, α′

IP

smaller than 0.25 (DL, pp̄)(
f BFKL, multiple IP ex
hange )

EDA 2011 Dec. 11 - L.Favart – p. 29/24



Rho mass
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